The elucidation of the trapping and detrapping mechanisms of hydrogen isotopes in SiC is one of the most critical issues for future fusion reactors if SiC is used as the first wall and structure material. In this study, 1 keV deuterium (D 2 þ ) ions were implanted into SiC and the chemical states of C and Si were evaluated by X-ray photoelectron spectroscopy (XPS). The deuterium desorption and retention were also analyzed by thermal desorption spectroscopy (TDS). The deuterium desorption behavior for SiC was compared to that for Si and graphite, and it was found that deuterium is preferentially trapped by C and, after the saturation of the C-D bond, it is trapped by Si in SiC. Deuterium desorption was found to consist of two stages, namely deuterium desorptions bound to Si and C. Their trapping mechanisms were influenced by the damaged structures produced by the D 2 þ ion implantation. Finally, deuterium retention in SiC at temperatures above 700 K was higher than that in graphite, indicating that tritium retention in SiC may be high compared to that in graphite during plasma operation.
Introduction
In magnetic confined fusion reactors, low Z-number materials like graphite are used as plasma facing components. Silicon carbide (SiC) is also a low Z material and has been selected as a candidate for plasma facing material and structural components for future fusion reactors due to its minimal activation, good thermal conductivity, low radiation loss and high chemical stability; the associated behavior of hydrogen isotopes and damage processes have been reported by many authors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In order to achieve good discharge conditions, the retention mechanisms of hydrogen isotopes including tritium should be elucidated and tritium recycling and retention in the fusion reactor should be accurately predicted.
In our previous papers, 13, 14) the retention and isotope replacement behavior of hydrogen isotopes in SiC was studied by means of the elastic recoil detection technique, and it was determined that the saturation concentrations of H and D, namely H/SiC and D/SiC, were approximately 0.70 and 0.75, respectively. The detrapping cross-sections of H and D implanted by D 2 þ and H 2 þ ion bombardments have been determined to be 3:2 AE 0:3 Â 10 À22 m 2 /D þ and 2:6 AE 0:2 Â 10 À22 m 2 /H þ , respectively, by the solution of the mass balance equations. Additionally, the apparent rate constant of the molecular recombination reaction was determined to be 7:3 Â 10 À5 . These values are extremely useful in the estimation of hydrogen isotope retention, however, it is important to elucidate the hydrogen isotope trapping and detrapping mechanisms in SiC in order to evaluate fusion safety. In the present study, deuterium (D 2 þ ) ions were implanted into SiC as a function of ion fluence and annealing temperature, and X-ray photoelectron spectroscopy (XPS) and thermal desorption spectroscopy (TDS) were applied to study both the trapping and detrapping mechanisms and retention behavior, taking into account the existence of the damaged structures produced by the ion implantation.
Experimental
A silicon carbide wafer (-SiC) supplied by Asahi Glass Co., Ltd. (Tokyo, Japan) was used as a sample; its size was 10 Â 0:5 mm 3 . Figure 1 depicts an overview of the XPS (ESCA1600 system, ULVAC-PHI Inc., Chigasaki, Japan) and TDS (ULVAC-PHI Inc., Chigasaki, Japan) system at Shizuoka University. Because the ultra-high vacuum chamber for XPS was connected to that for TDS, it was possible to moved the sample between chambers without exposing it to air. The base pressure of both chambers was maintained below 10 À8 Pa. As a pretreatment, the sample was annealed at 1300 K in the TDS ultra-high vacuum chamber for 10 minutes to remove residual hydrogen and impurities in SiC. After cooling to room temperature, two kinds of experiments, Fig. 2 . The chemical states of Si and C in SiC were studied by XPS at room temperature using an Mg-k X-ray source (1253.6 eV) and a hemispherical electron analyzer. XPS measurements were performed before and after D 2 þ ion implantation, and after annealing at each temperature up to 1300 K. After the D 2 þ ion implantation, the TDS experiments were performed at a heating rate of 0.5 Ks À1 and at temperatures up to 1300 K. In the second isochronal annealing experiment, the SiC sample was annealed from room temperature to 1300 K after D 2 þ ion implantation at room temperature and XPS analysis was also conducted. 15) It was found that the TDS spectrum of D 2 for SiC consisted of two peaks, identified as Peak 1, at around 800 K, and Peak 2, at around 1000 K. The temperature regions for these peaks were almost identical to those from Si and graphite, respectively. Figure 7 shows the TDS spectra of D 2 for D 2 þ ionimplanted SiC at various temperatures. Upon implantation at temperature above 773 K, Peak 1 disappeared and Peak 2 shifted to higher temperature side. In our previous studies, hydrogen isotope retention in SiC was estimated to be 0.75 D/SiC by the elastic recoil detection technique. 11, 12) Assuming that the concentration of saturated deuterium retained with 4 keV D 2 þ ion implantation was the same as that with 1 keV D 2 þ ion implantation, the deuterium retention per one matrix atom as a function of implantation temperature is summarized in Fig. 8 , in which the deuterium retention in graphite (pyrolytic graphite) is also shown. 15) Although the deuterium retention in SiC at room temperature was slightly lower than that in graphite, the former exceeds the latter in high temperature regions; specifically, deuterium retention in SiC remained steady at approximately 0.2 at over 900 K, while its retention in graphite quickly decreased at around 600 K. This result indicates that tritium retention in SiC may be high compared to graphite at high temperatures, especially during plasma operation. To elucidate deuterium detrapping behavior, the D 2 þ ionimplanted SiC sample was heated isochronally from room temperature to 1300 K and XPS analysis was performed at room temperature after annealing at each temperature. Figure 9 summarizes the change in the peak positions of C 1s and Si 2p brought about by the isochronal annealing; note that their peaks shift to the higher and lower energy sides, respectively. Although the negative peak shift of Si 2p remained up to 1200 K, the positive peak shifts of C 1s turned to negative shifts at around 800-1000 K. Above 1200 K, both peaks returned almost to their original positions.
Results

Discussion
In our previous paper, we assigned the deuterium desorption stages indicated by Peaks 1 and 2 to deuterium desorption bound to C and Si, respectively. 16) However, these assignments would be not appropriate according to the TDS spectra of D 2 for SiC, Si and graphite obtained in the present study and shown in Fig. 3 , if the chemical states of C-D and Si-D in SiC were, respectively, almost the same as those in Si and graphite. In this study, high-energy (1 keV) D 2 þ ions were introduced into SiC, where they would migrate, interacting with the damaged structures or vacancies produced by the implantation. However, the stability of hydrogen trapped by the vacancies is higher than that in interstitial site because the D 2 þ ions were energetic, like ''hot atoms'', and the activation energies of deuterium estimated from TDS spectra were much higher than those of D 2 trapped by interstitial sites. 7) Therefore, the interaction of hydrogen isotopes with the damaged structures or vacancies is important. Certain structures are damaged by D 2 þ ion implantation, and some vacancies are introduced in SiC. Based on XPS analysis, the content of C decreased by the selective sputtering of C in the initial implantation stage. This indicates that hydrocarbon was formed and desorbed from SiC, which is consistent with previous report that only methane is desorbed from SiC, although silane is not formed. [17] [18] [19] Therefore, some deuterium would be desorbed with forming hydrocarbons and the rest would be bound to C atoms to form a C-D bond in SiC. Carbon vacancies were introduced and Si with dangling bonds remained in SiC. In studies on quantum chemical calculation, the most stable site of hydrogen in SiC reported to be silicon vacancies with forming C-D bonds. [20] [21] [22] Therefore, in the initial stage, the deuterium would interact preferentially with C and only the desorption from Peak 2 is observed, as shown in Fig. 6 . After the saturation of the deuterium trapping sites by C, the deuterium would be trapped by Si. Due to the selective sputtering of C, the concentration of C decreases compared to that of Si and the amount of Si with dangling bonds would increase. The deuterium would thus be bound to Si becoming a major trapping state of deuterium in SiC.
The XPS peak shifts were found to be influenced not only by interaction with implanted hydrogen isotopes but also by defect formation. As shown in Fig. 5 , the peak position of Si 2p quickly shifted to the lower energy side in the initial implantation stage and remained over the fluence of 0:2 Â 10 22 D þ m À2 . This lower energy side shift of Si 2p is governed by the interaction between Si and vacancies (Si with dangling bonds) rather than that between Si and deuterium. However, the C 1s peak position which shifted to the higher energy side suggests interaction of C with hydrogen isotopes, and that shifted to the lower energy side, interaction with vacancies. 15, 23) The peak position of C 1s is clearly determined by the above interactions. The peak shift to the higher energy side in the initial stage correspond to the formation of the C-D bond, a fact which is almost consistent with our TDS experimental results.
In the case of deuterium desorption behavior, the deuterium bound to Si is likely desorbed at lower temperature regions as shown in the TDS spectra in Figs. 3, 6 and 7. However, according to XPS analysis, the chemical state of Si was not changed, indicated that the damaged structures were not recovered. Thereafter, the deuterium bound to C was desorbed at around 1000 K, where the peak position of C 1s remained on the lower energy side. This indicates that the damaged SiC structures were not recovered until almost all the deuterium was desorbed. The peak positions of C 1s and Si 2p returned to their original positions after the desorption of all retained deuterium, i.e., the damaged Si-C bonds were repaired. These facts indicate that the damaged structures remain in SiC below 1200 K.
With respect to D 2 þ ion implantation temperature dependence, Peak 2 was shifted to the higher energy side as the temperature increased to over 913 K. As mentioned above, the damaged structures still remained and some deuterium may still have been trapped in SiC. The stability of deuterium in SiC may be optimized through interaction with the damaged structures. Therefore, the deuterium desorption temperature for Peak 2 may be shifted to the higher temperature side. Further study is necessary to clarify the detailed mechanisms at work in the high temperature regions in SiC.
Conclusion
To elucidate the trapping and detrapping mechanisms of deuterium in SiC, the chemical states of C and Si were studied by XPS and deuterium desorption behavior was analyzed by TDS for D 2 þ ion-implanted SiC. The TDS spectrum of D 2 for SiC was compared to those for Si and graphite, and it was found that the deuterium desorption consisted of two stages, specifically, deuterium desorption bound to Si and C. In comparing the TDS spectrum for SiC to those for Si and graphite, we found that the deuterium was preferentially trapped by C and thereafter was trapped by Si after saturation of the C-D bond. This trapping behavior was greatly influenced by the presence of damaged structures or vacancies produced by the D 2 þ ion implantation. Finally, the deuterium retention in SiC at temperatures above 700 K was higher than that in graphite, indicating that tritium retention in SiC may be high compared to graphite during plasma operation.
